ABSTRACT--This paper follows a recent paper in EXPERIMENTAL MECHANICS also dealing with optimization. The objectives besides the attempt at optimizations of the design of in-plane loaded tall beams are (1)to discuss the properties of some of the designs obtained, and (2)to compare and evaluate experimental and numerical methods. The optimal hole shape introduced in the beam decreases its weight, has an approximately uniform tangential stress along its boundary and does not increase the maximum tensile stress present originally in the solid beam. The numerical method used is based on finite-element analysis and nonlinear programming. The experimental method is based on photoelasticity. Emphasis is placed on the results obtained rather than on the description of the methodologies. Practical difficulties, assumptions, accuracy, and the applicability of the two methods are also discussed.
Introduction
Numerous contributions can be found dealing with the analysis of tall beams subjected to in-plane loading. Conway et al. ' have proposed the superposition of two stress functions and refer to several other approaches. A discussion of the paper was published by Durelli. ~ More references related to the tall beam and in particular concrete walls can also be found in Cardenas et al.3 In these papers, however, only analyses of the plain solid beams are performed without any attempt to redesign any of them. The optimization process used in the design of the tall beam has been recently addressed by Durelli and Ranganayak~imma' and Azarm et a13 In this paper however attention is given to the results obtained and to the limitation and applicability of the methods utilized.
The rectangular tall beam is shown in Fig. 1 . It is under uniform compressive in-plane loading on the top and is supported at each bottom end. The optimization approach followed consists of removing material from the beam to decrease its weight. This has been done by cutting a hole (and changing its-shape and size) so that it has constant tangential stress along its boundary; buckling is not considered. At the same time, the following constraints have to be satisfied.
(1) The ratio of the height H of the beam ( Fig. 1) Maryland, College Park, MD 20742. Original manuscript submitted: November 1988 . Final manuscript received: June 21, 1989 vertical axis of the beam and should not cross the bottom or sides of the beam. (4) Each of the two uniform supports at the bottom has a length of L = 0.10 W. Friction at these supports is equivalent to a horizontal force which for the cases analyzed may vary from 5 percent to 11 percent of the vertical load depending on the conditions of the surfaces of contact and the rigidity of the beam. (5) The maximum tensile stress in the beam at any stage of the optimization process should not be greater than the one present in the initial solid beam.
The use of the constraint on the maximum tensile stress assumes that the beam will fail under tension.' It is also assumed that the maximum tensile stress in the beam takes place at a free boundary. If this were not the case the same basic methods could be used, but more elaborate computations would be required. It is sufficient to analyze half of the structure when the numerical method is used.
It should be noted that in general the tangential stress changes from tensile to compressive and vice versa as one moves along the holes boundaries and a sharp gradient of stress exists as the stress goes through zero.
Numerical Method
Numerical methods for shape optimization use the combination of two operations. A finite-element analysis of the stresses is combined with a numerical optimization algorithm (the 'optimizer'). Numerical shape-optimization techniques have been discussed by Haftka and Grandhi 7 in an extensive review of recent literature. The optimizer utilizes the shape-sensitivity derivatives obtained using finite differences to iteratively improve the shape of the boundary. The shape-sensitivity derivatives provide a quantitative measure of the change in structural response due to a change in shape.
The shape representation used here is similar to the one used by Fleury.8 The variable hole boundary is represented by a B-spline, whose shape is controlled by the coordinates of ten control points (Fig. 2) . The radii r of control points are ~he shape variables while the angles 0 are fixed. Iso-. parametric eight-node quadrilateral elements are used for the finite-element modeling. Mesh regeneration for each new shape is done by using PATRAN.9 Figure 3 shows a flowchart of the overall methodology. An initial shape (i.e., initial values of the shape variables for the B-spline) is input by the designer at the beginning of the optimization. Successive iterations consist of applications of finite-element analysis, optimization, and modification of the initial shape (or shape variables) until a satisfactory boundary shape is obtained.
The optimizer needs the formulation of constraints and of an objective function. The objective is to find hole shapes with constant tangential stress along the hole boundary, and can be formulated as follows. The tangential stress is sampled in the elements adjacent to the hole boundary at the two Gaussian integration points closest to the boundary (Fig. 2) . Since the tangential stress may change sign as one moves along the hole boundary, the mean tangential stress should he calculated for each 'same sign' portion of the boundary. Let this mean stress be denoted as a'~, k = 1, n, where the index k indicates a 'same sign' portion of the boundary, and n is the number of same sign boundaries.
The variance of the stress is then calculated for each 'same sign ~ portion of the boundary. g
where g is the number of sampled Gaussian integration points for that portion of the boundary indicated by index k, and a~ is the tangential stress at each sampled Gaussian integration point. The objective function can now be formulated as
From the formulation, it is seen that as f(X) tends to zero, the tensile stresses and compressive stesses are independently kept constant along the hole boundary. The constraint is that the maximum tensile stress in the optimized design must not exceed that in the solid beam. The tensile stresses in the beam are assumed to be maximum somewhere along the hole or the bottom boundary between the supports. These stresses will be sampled at the finite-element nodes along these free boundaries. The constraints can now be written as
where tr~ is the tangential stress sampled at the m I finiteelement node points on the free boundary, and o~= x is the maximum tensile stress occurring in the initial solid beam without the hole.
Experimental Method
The experimental method depends on observation of photoelastic 'isochromatic' fringes at the axes of which the value of (or, -o2) is constant, and proportional to the order of the fringe. Since at free boundaries the stress perpendicular to the boundary is zero, the fringe order gives a direct measure of the tangential stress. The designer of an optimized shape therefore only needs to look at the fringes to verify whether the maximum tensile stress constraint is satisfied.
The material used for the model was Homalite 100. The dimensions were 3 in. x 4 in. The model was placed in a loading frame. The uniform loading at the top was obtained as shown in Fig. 4 . The uniformity is only approximate, but by Saint Venant's principle the effects of deviations from the uniform loading are negligible at some distance from the top boundary. Details of the photoelastic methodology have been discussed, for in- 
